Liquid crystal (LC) phased arrays and gratings have been employed in optical switching
Introduction
An optical phased array is an active diffractive optical element. It divides the wavefront of an incident beam in sub-beams (the pixels of the array) and changes their phase (and possibly amplitude and polarization). The pixels being of small dimensions, each sub-beam is diffracted. After the diffractive optical element, the interference pattern yields the output beam. The interference pattern depends on the phase shift at each pixel, therefore the shape and direction of the output beam can be dynamically addressed by addressing the light phase shift distribution at each pixel.
Various applications of optical phased arrays have been foreseen, interconnects, wavefront correcting, beam forming, and holography. Usually, all the pixels are independently addressed in order to get the highest degree of freedom in the diffractive properties, as in liquid crystal on silicon (LCoS, Ref. 2) technology. In a typical LCoS process, a pixel interconnect level, usually made up of aluminium lines, is placed on top of silicon. The whole is used as one of the cell substrates. LCoS phased arrays [3] , microdisplays [4] have been demonstrated, design and fabrication issues have been discussed, e.g., in Refs. 5 and 6. The major issues are the ones of pixilated gratings, i.e., mainly pixel size, filling factor, and pixel complexity. However, for simple switchable or little tuneable phased arrays, a single electrode may be employed. In this sense, various technologies have been proposed, double perpendicular rubbing [7] , corrugation of the alignment layer [8] , and polymer-doped LC [9] . A common trait of these technologies is that there is no definition of individual pixels.
In this paper, we propose to form that kind of single electrode LC phased array on a silicon wafer. As an optical material, silicon exhibits interesting characteristics, it is transparent for wavelengths larger than 1.1 µm, has a refractive index of 3.45 at 1.5 µm, can be n-or p-doped, its native oxide is a good optical material of refractive index 1.45 at 1.5 µm. That is the reason why various waveguides and integrated optic devices have been fabricated in silicon on insulator (SOI) or silica on silicon [11] . Silicon is also expected to play the role of a photonic platform [12] , integrating light waveguides, micromachined features and flip-chipped devices with silicon electronics.
In this paper, we will first give an insight of a possible design of a LC-on-silicon single electrode phased array. The director distribution in the LC layer will be simulated considering the case of a high-birefringence nematic liquid crystal and furthermore the characteristics of the diffraction pattern will be assessed.
LC on silicon phased array

Model
A phosphorous-doped silicon wafer is used as a single electrode substrate where resistive regions can be locally defined either by ionic implantation or by oxidation. This property allows us to modify the electrostatic potential at the top of the substrate according to the importance of electrical isolation from the conductive wafer. Local change of the substrate electrical conductivity has also been reported on GaAs by electron-beam activation [13] or Si-ion implantation in non-intentionally-doped GaAs [14] . However, to our knowledge, ion-implantation for patterning a LC cell electrode, whose resistivity can be adjusted, has not been used on silicon substrate, yet. In addition, the proposed device on silicon is designed to be single electrode with a rear contact.
The geometry of a binary grating cell based on such a concept is shown in Fig. 1 . When no voltage is applied, the LC is uniformly oriented and all the light is in the 0 th diffraction order (to the contrary of geometrically-textured arrays or multidomain alignment). When applying a voltage, the electric field drops over the neutral zone and is therefore periodically modified at the surface of the silicon substrate, inducing a periodical distribution of the molecular director. The diffraction efficiency in the 1 st order is maximum for a ð-phase shift contrast.
In order to estimate the thickness of the isolated silicon, we consider a simple 1D dielectric model of the cell. If the voltage V 0 is applied to the conductive wafer, the voltage at the interface isolated silicon/LC is
where e 1 is the dielectric constant of silicon, e 2 is the average dielectric constant of the NLC, d 1 and d 2 are defined in Fig. 3 .
A required high-birefringence NLC
We consider the nematic liquid crystal (NLC) called 1660, synthesized at the Military University of Technology, which has the following characteristics, birefringence Dn = 0.38 at l 0 = 0.633 m, k 33 /k 11 = 2.11, e^= 5.1, and e ç ç = 9.4. 4-µm-thick cells have been fabricated, employing Nylon6 as alignment layer for homogeneous orientation. The phase shift in such cells (Fig. 2) has been measured at the wavelength l 0 = 0.633 µm, using a Mach-Zehnder interferometer; the maximum phase shift is 4.2p rad. In the quasi-linear part, i.e., between the two operating points 1.2 V and 1.8 V applied voltage, the phase shift is more than 2ð.
In a LC on Si cell, two configurations can be expected:
• transmission mode -for near infrared light we can choose a couple of applied voltages (after a graph such as the one of Fig. 2 , but measured at the corresponding near infrared wavelength) for which a ð-phase shift contrast can be achieved,
• reflection mode -it is suitable for visible light, where silicon is not transparent. The phase shift across the cell should be ð/2. In the following, reflection mode at l 0 = 0.633 µm is used. From Fig. 2, V which allows us to keep the same d 1 dividing the cell thickness roughly by 2. The value of d 1 is small enough to be achieved by ionic implantation. In the phase shift calculation we have also neglected the fringe effect, thus assuming that pixel dimensions are large compared to cell thickness. Although this calculation is somewhat rough, it gives the order of magnitude of the insulation thickness and predicts that a large phase shift can be obtained between isolated and conductive regions by using a high-birefringence NLC.
Simulation of the phase shift at the output of the cell
The design and analysis of a LC phased array have been reported in many papers; for instance [15] presents a study of a pixelated blazed grating. The diffraction effect of the pixel patterning and calculation in a reflective cell have been also modelled [16] . We first want to validate the simulation on a uniform cell and retrieve the graph of Fig. 2 . Afterwards we simulate the phased array.
The director distribution is simulated by means of LC3D software, from Kent University. The rubbing direction is assumed to be along y-axis and the tilt angle to be 2°. The software calculates the molecular director distribution, from which the refractive index distribution can be derived.
For a plane wave travelling in a medium, the phase shift can be calculated as
for a propagation along z-axis, n being the refractive index distribution (in this case, it only depends on z). Applying this formula to the case of a single pad electrode, with incident light polarized along y-axis, gives the results shown in Fig. 4 . The simulation does not perfectly fit the experiment, due to some non accurate (elastic constants) or undetermined (surface anchoring) LC parameters. In particular, the phase shift is steeper in the experiment, therefore the simulated device will need higher applied voltages.
We now simulate one grating period. Due to the fringe effects light propagating in the cell is not a priori a plane wave anymore. Then, we simulate the propagation by a two-dimensional beam propagation method (2D BPM) whose algorithm is based on finite differences. As the cell is not too thick, the paraxial approximation is still valid. Figure 5 shows the light phase at the output of the cell, as calculated by the previous formula and as calculated after BPM simulation. To get a p-phase shift (after return pass) we had to assume a 1.95 V applied voltage in the neutral zone, and 1.5 V in the rest.
A binary grating was built, with a period of 20 µm and 10 µm-wide insulation zones. An incident plane wave thus comes out of the grating with a modulated phase as represented in Fig. 6 , which can be compared to the ideally-squarred case where there is no fringe effect.
Diffraction pattern
The diffraction patterns correspond to a 20-period grating (400 µm wide) and are calculated in reflection coefficient between conductive and isolated silicon (for optical properties of silicon, see for example Ref.
17 and papers by the same author). When no voltage is applied, only the 0 th diffraction order is present. The diffraction pattern appears when applying a voltage on the silicon wafer. Figure 7 shows the patterns for a p-phase shift modulation, in the ideal and practical cases. Both have symmetric patterns.
In the ideal case, only odd diffraction orders are present. The main consequence of considering the fringe effect is the appearance of the 0 th and even diffraction order. In the 1 st order though, the power is only decreased by 0.1 dB, with respect to the ideal case. Furthermore, considering fringe effect, the crosstalk (ratio between the intensities in the 0 th and 1 st order mode) is 9.7 dB.
By varying the applied voltage, intermediate cases can be reached, for instance a multi-cast phased array, i.e., an array dividing the power equally between different orders (0 and +/-1). Such a phased array may then be suitable in cases of routing and casting where the crosstalk is not a crucial specification. It can also be noted that the diffraction pattern can be made highly asymmetric (more intensity in order 1 than in order -1) just by modifying the alignment layer, namely rubbing direction and tilt angle [18] .
Conclusions
We have presented a novel design of liquid crystal phased array. The objective is to control the array by a single electrode, in this case a conductive silicon wafer, by introducing isolated zones by ionic implantation. The design is simple and the technology reduced, in order to achieve lowcost power dividers. Furthermore, the use of silicon permits to integrate the array with electronic or integrated optic on silicon circuits.
Such phased arrays can operate in transmission or reflection. The use of high-birefringence nematic liquid crystals permits to have thickness of insulated zones of the order of the micron, and to reduce the cell thickness. After liquid crystal orientation and light propagation simulations, the diffraction patterns have been computed, they show that limited fringe effect and moderate crosstalk can be achieved.
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